Abstract. This paper proposes a review of Energy Management Systems (EMSs) based on Multi-Agent Systems (MASs). Also, goal, scale, strategy and software are discussed as different characteristics of the EMSs. Then, multi agent-based structure of the EMSs is described. Finally, challenges and future discussions related to the EMSs are presented in this paper.
Introduction
Smart Grids (SGs) improve energy efficiency in power and energy systems through intelligent control and automation technologies. Also, SG is accounted as an appropriate solution to utilize intermittent energy resource. However, these energy resources create challenges due to uncertainty of its power generations in the system. Moreover, restructuring causes to appear new agents in the power system. Hence, all in all make power systems as complex ones. Different technologies have been used in SGs to realize these aims e.g. MASs. While there is no any unique definition for agents, MAS is a set of independent units that can make decision and interact with other ones [1] . Hence, MASs can make a possible environment for SG's players -e.g. electrical generation, consumers, system operators, aggregators, etc.-to act autonomously and communicate with each other [2] .
Various researches have been presented for energy management of power system, and different methods have been represented based on their goals, scales, strategies, and software. For instance in [3] , the scale is considered to be power grid. Also, the goal is to minimize the operating cost. besides, the hierarchical and decentralized strategy is presented based on MAS. Moreover, CPLEX [4] and JADE [5] are used to implement the problem in a real system. Also, multimicro grid system has been operated cooperatively in [3] . In [6] , the authors have reviewed how SGs are modeled as MASs. Besides, they compared some projects based on their view and objects related to the system in. In [7] , the authors have reviewed the agent-based technologies of large-scale energy systems and SG projects. A hierarchical central approach of Micro-Grids (MGs) has been presented in [8] . The primary control is done in level of distributed energy resources, while the secondary control is done in the level of MG by an Automatic Generation Control (AGC) to control frequency and voltage. Also, the tertiary control is applied to provide the ancillary services for load regulation in the host-grid level. In [9] , a new method has been presented to solve AC optimal power flow problem in the multi-agent decision-making framework. In [10] , the multi-objective problem has been defined to minimize energy costs and estimate state based on bottom-up approach.
In [11] , each smart home has been considered as an autonomous agent that can buy, sell, and store electricity. Furthermore, the uncertainty is modeled through generating the random data and functions in [11] . In [12] , a MAS has been demonstrated in the distribution network scale, while agents consist of home agents and retailer agents. In [12] , the purpose of the authors was to minimize the payment cost of the electricity. In [13] , home energy management problem in connection with transactive energy nodes has been discussed. Moreover, cosimulation of smart homes and transactive energy market has been studied in [13] . In [14] , economic dispatch problem has been solved by decentralized and self-organizing strategy. The proposed strategy of [14] is non-hierarchical, and the operation costs is minimized locally and then applied to the system globally. In [15] , an energy management system has been presented based on integration of smart meters. The authors have proposed the hierarchical method to manage the energy in [15] . In [16] , an intelligent method has been demonstrated to manage energy dynamically in the MG. The proposed method of [16] has been defined to optimal or sub-optimal. Besides, providing the critical loads continuously is the purpose of [16] . In the model of [16] , intelligent dynamic energy management system is responsible to send dispatchable control signals of energy. Moreover, forward-looking network is responsible to evaluate the dispatched control signals. The main aims of [16] are to maximize the reliability, utilization of renewable energies, and consumers' welfare. Moreover, the operating cost has not been considered in the decision-making problem of [16] .
In [17] , the agent-based approach has been represented to optimize the operating cost of the SG and the Residential Energy Management System (REMS). Also, Particle Swarm Optimization (PSO) method has been used to maximize welfare and energy efficiency in [17] . In [18] , authors has discussed about the necessities of using Computational Intelligence (CI) in REMSs. CI has been applied to three parts of the REMS in [18] . These parts consist of the prediction of building required power, forecasting the purchasing electrical load from the power grid, and ANN-based controllers. Minimizing the bulding energy cost is the goal of controllers. Also, PSO has been utilized for optimization problem of BEMS. In [19] , building energy management has been defined as an intelligent MAS. Energy management system includes two parts: demand-side management and supply-side management. Furthermore, the JADE has been used to implement the model of [19] . In [20] , an adaptive and integrated method has been presented for Demand Response (DR) and REMS based on real-life conditions. In [21] , the method is proposed to apply the local energy resources optimally through minimizing the loss of energy. Also, in [21] , authors had studied comparatively different battery control strategies. The main purpose of [21] is to minimize the purchasing cost of the electricity. In [22] , the scheduling problem of the REMS has been solved considering DR. The objective function of [22] was the trade off between the purchasing cost of electricity and dissatisfaction of the consumers.
In this paper, a review of multi-agent based energy management systems, its features and challenges are provided. The rest of this paper is organized as follows. Section 2 describes the features of multi agent-based energy management systems. Multi agent-based structure of the EMSs is described in Section 3. Then, challenges and benefits of these systems are discussed in Section 4. Finally, conclusions are given in Section 5.
Features of Multi-Agent based Energy Management Systems
As highlighted before, Multi-Agent based Energy Management Systems (MAEMSs) can be classified based on different characters. In this paper, goal, scale, strategy and software are introduced as characteristics to compare different MAEMSs. Main purpose is one of important characteristics of Energy Management system (EMS). Goal is presented as an objective function in the energy management problem. Goal of EMS can be maximizing profit, minimizing cost, maximizing reliability, etc. In other words, goals of the system si its virtual feature that indicates its desired strategy. Scale of EMSs is another characteristic that represents the system's level that optimum decisions are make for it. Scale of EMSs can be system-wide, MG, Local, Home. etc. It is clear that according to the scale of the system, complexity of the energy management problem can be changed, and different tools can be utilized to solve it.
Strategy is another important characteristic of EMSs. Strategy is defined as a decision-making path to obtain optimum amount of objective function. Centralized, decentralized, and hierarchical are more common strategies in EMSs. As mentioned before, in MASs, a platform is required to provide interaction and communication between autonomous agents in the systems. There are different software and platforms -e.g. JADE, MATLAB, etc.-that are chosen based on goal, scale, and strategy of the proposed MAEMS.
Agents of Energy Management Systems
EMSs consist of different agents that each of them has different tasks. In this section, all agents of the EMS will be introduced and their task will be described. Moreover, the physical system of the MAEMS is seen in Fig. 1 . MAEMS includes three layers. First layer is the electricity system which is displayed by black lines. However, second layer is the communication system that is shown by blue lines. Third layer presents interaction between users and other agents that is displayed by green line.
Electrical Loads (ELs) are a group of agents that consume electrical energy in the MAEMS. Generally, ELs are classified into different types of loads such as shiftable, controllable, Must-Run Services (MRS), etc. Therefore, ELs can be considered as an organization of different types of agents in the MAEMS.
Distributed Energy Resources (DERs) is a set of agents that is responsible for electrical energy generation. DERs are intermittent energy resources, so they inject uncertainty in the system. However, increasing the prediction accuracy of these stochastic variables can decrease the corresponding uncertainty in the system.
Energy Storage Systems (ESSs) are the agents in the MAEMS that can store electrical energy such as batteries. Batteries can help to smooth the electrical demand profile and improve the performance of energy management system based on demand response programs..
Information Provider (IP)
is an agent that is in charge of providing realtime and historical data information. It senses and records information from all the agents as well as environmental conditions.
Users are residents of a home. Each of these residents are an agent of the MAEMS. Therefore, Users is defined as an organization of this group of agents. Users has direct effects on the ELs and EVs. Furthermore, the objective function of the decision-maker system is determined based on the desired of the Users. All interactions of the Users are illustrated in Fig. 1 .
Energy Scheduler (ES) is a virtual organization of agents who plays as a system operator in the MAEMS. The ES consists of two agents in the MAEMS: Prediction Engine (PE) and Decision-Maker System (DMS). The tasks of both are described in the following:
PE provides accurate prediction of all stochastic variables of the system such as wind speed, solar radiation, weather temperature, electricity price and electrical unshiftable loads for the DMS. Hence, the outputs of this agent will be the inputs of the DMS. As the DERS utilized in the MAEMS are non-dispatchable resources, the forecasting of its power output will be very important for the DMS. Hence, accurate forecasting of PE can assist the DMS to make optimum decisions.
DMS makes optimum decisions in the MAEMS. Therefore, after the Objective Function (OF) is defined in the system, this agent should make an optimum decision. In this case, DMS faces a discrete optimization problem under uncertainty of the PE's outputs. This uncertainty causes some problems for the DMS, such as increasing the operating costs of the MAEMS and computational overload. There are different methods to model the uncertainty in the optimization problems such as stochastic programming [23] , interval optimization [24] , robust optimization [25] , etc.
Challenges
SGs provides more flexibility for the energy systems and increase energy efficiency of them. For instance, MASs cause platforms that agents can act autonomously. Hence, it increases reliability of the system. Moreover, MAS can be applied to decentralized energy management methods that decreases computational burden of the system. However, there are some challenges to implement these systems. As highlighted before, there are independent agents in this structure. Hence, real-time operation is very important in this case. In real-time, system should be able to connect all devices and exchange all information-this information can be historical and measured data, or real-time decisions-between them. Since balancing between power generation and consumption is vital in the power systems, real-time operation plays as a huge concern in them. Moreover, cyber-security is another challenges in SGs. Another challenge in decentralized energy management systems is related to the optimum decisions of these systems. While local decision-makers decrease computational burden of the system, their decisions are not globally. Hence, a trade-off between local decisions and global optimization is one of main research concepts in these systems.
Conclusion
The paper presents a review of multi agent-based energy management systems. Different characters of these systems based on MASs have been discussed. Also, agents of the energy management systems have been described. Finally, paper concludes by expressing challenges and discussion topics related to the decentralized energy management systems.
